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Abstract 
The threat of asteroid impacts on Earth poses a low-probability but high consequence risk, with possible outcomes ranging from regional 
to global catastrophe.  However, unique amongst such global threats we have the capability of averting such disasters.  Diversion 
approaches by either kinetic impactor or nuclear energy deposition are the two most practical technologies for mitigating hazardous near 
Earth asteroids.  One of the greatest challenges in understanding our options is the uncertain response of asteroids to such impulsive 
techniques, due both to our lack of knowledge of the composition and structure of these objects as well as their highly varied nature.  
Predicting whether we will simply divert or break up a given object is a crucial: the weak self-gravity and inferred weak structure of 
typical asteroids present the strong possibility the body will fragment for modest impulses.  Predictive modeling of failure and 
fragmentation is one important tool for such studies.  In this paper we apply advances in modeling failure and fracture using Adaptive 
Smoothed Particle Hydrodynamics (ASPH) to understand mega-cratering on asteroids as a validation exercise, and show examples of 
diverting the near Earth asteroid Bennu using both a kinetic impactor and ablative blow-off due to nuclear energy deposition.  
© 2015 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science and 
Technology. 
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1. Introduction 
The impact of an asteroid on the Earth poses risks varying from regional disasters (for asteroids 50m 
in diameter) to global extinction level events (objects of order 1km or larger).  In recent years efforts to 
find and catalog Near Earth Objects (NEOs) and assess their risk of impact have made great strides, but 
the problem of how to effectively divert a hazardous object remains an open question.  Two of the most 
likely technologies are kinetic impactors and deflection via a nuclear standoff burst.  In either of these 
approaches the greatest uncertainty lies in the response of the object itself, due both to our lack of 
knowledge of the exact material composition and structure of asteroids as well as the intrinsic variation 
we believe exists in the population of such objects (e.g. ordinary or carbonaceous chondrites, metallic 
objects, ices). Inferred structures range from monolithic bodies to loosely aggregated "rubble piles".  
Determining whether a desired mitigation impulse will deflect or disrupt a target asteroid can be a 
complex calculation, depending on the physical structure of the object (e.g. whether there is macro-
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porosity in the form of individual boulders or small gravel, how much tension the object can support, or 
its rotational rate). 
In this paper we demonstrate results using one approach to numerically model the outcome of 
impulsive asteroid diversion methods with a meshfree technique, Adaptive Smoothed Particle 
Hydrodynamics (ASPH). We briefly summarize ASPH and our damage modeling methods and 
demonstrate a validation problem for asteroid modeling: the formation of the Stickney crater on 
Phobos.  Finally we present models of diverting a hazardous object both via kinetic impactor and 
nuclear deposition. 
2. Damage Modeling 
ASPH is a variation of Smoothed Particle Hydrodynamics (SPH).  These are Lagrangian methods in 
which the mass of the system being modeled is discretized into a set of particles, each of which carries 
the full physical state of the problem (mass, velocity, thermal energy, deviatoric stress, plastic strain, 
etc.)  In the Lagrangian approximation each particle moves with the local fluid velocity and there is no 
need to advect or remap the state of the points for robustness.  Rather each point instantaneously 
interacts with its nearest neighbors in order to compute spatial gradients of kinematic and constitutive 
quantities to difference the standard Lagrangian hydrodynamic equations.  As the points move their 
interacting neighbor set can change over time, making this a robust reconnecting method.  For a more 
thorough description of SPH/ASPH and their application to modeling solid materials, see [5, 8, 9, 10, 
11]. 
The Lagrangian frame of ASPH is well suited for following the evolution of damage.  If we view 
damage as a local history variable representing unresolved cracks on each point, these should naturally 
follow the mass.  The damage model used here is a descendent of the methods developed for SPH by 
Benz & Asphaug [2, 3], which in turn is based on stochastic analytic models of fragmentation 
developed by Grady & Kipp [4].  We introduce a symmetric tensor damage variable ܦ௜ఈఉ  for each 
ASPH node. The eigenvalues of ܦ௜ఈఉ  are bounded in the range [0,1], and represent the fraction of 
damage in the direction of their associated eigenvector.  ܦ௜ఈఉ the history of the damage (including 
directionality) for each ASPH node, and follows that node throughout the evolution of the simulation.  
We have also developed new methods of seeding the incipient material flaws allowing for variable 
resolution, as well as criteria for imposing the effects of damage designed to enhance localization of 
failure into opening cracks rather than undifferentiated damage.  These improvements will be described 
in future publications. 
3. Modeling mega-cratering on asteroids 
We have applied our damage modeling methods to a number of laboratory scale experiments [10], 
but here we would like to consider an example relevant to modeling asteroid deflection.  Due to the 
varied and unknown nature of asteroidal material properties it is difficult to come up with definitive 
laboratory scale experiments to validate our modeling methodology.  However, small solar system 
bodies like asteroids demonstrate some unusual features that are certainly clues to their composition 
and structure; one of the most relevant of these is the presence of mega-cratering, i.e., craters of order 
the size of the object itself.  It is difficult to account for how such massive craters could form if 
asteroids were solid monolithic structures: the presence of these large craters is likely a result of the 
high porosity which most asteroids are believed to possess (ranging to as high as 60%-70%).  One of 
the earliest observed instances of mega-cratering is the Stickney crater on Phobos, discovered in 1973 
by Mariner 9.  Stickney is approximately 10 km across, compared with Phobos' roughly 20 km size.  At 
least one prior study [1] has attempted to model the formation of Stickney using 2D ALE calculations.  
Here we model the formation of Stickney in 3D with our ASPH methodology.   
In order to establish our initial conditions we take the spherical harmonic shape model of Phobos 
from [15] and use only the low-order harmonics (up to harmonic order 7) to create the shape we fill 
with ASPH points.  This creates a smooth crater-free version of Phobos as shown in Fig. (1).  We use a 
Tillotson equation of state [14] based upon basalt and constant strength model to represent the material 
of Phobos: the material parameters for these models are summarized in Tab (1).  Phobos' measured bulk 
density of 1950 kg/m3 implies some level of porosity if we assume a rocky makeup: for our basaltic 
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material this equates to an initial porosity of I=27%. Although Phobos most likely is a fractured body 
made up of both macro- and micro-porous material, for simplicity we assume a homogeneous monolith 
for our initial conditions with uniform 27% micro-porosity.  We follow the prescription of [16] and 
implement a strain-based porosity evolution model in our calculations. 
 
 
Figure 1: The panel of the left shows one of our numerical initial conditions for Phobos, along with an impactor about to strike the Stickney site.  The right 
panel shows a montage of images taken by Viking I orbiter in 1977, clearly showing Stickney on the upper left. 
 
Table 1: Material parameters for the Phobos models.  Usolid  is the solid reference density, (a--ߝ) are Tillotson parameters, P the shear modulus, Y0 the 
yield strength, and (k,m) the Weibull parameters for the damage model. 
 
Usolid  (kg/m3) a b A (Pa) B (Pa) D E ߝ଴ (J/kg) ߝ (J/kg) ߝ (J/kg) P(Pa) Y (Pa) k (m-3) m 
2670 0.5 1.5 7.1x1010  7.5x1010 5 5 4.87x108 4.72x106 1.82x107 2.27x1010 3.5x109 5x1030 9 
 
One problem we face is that we do not know the nature of the impactor itself.  However, assuming scaling laws relating 
crater diameter to impactor properties (the so-called 3-scaling relations [6, 12]) in the gravity dominated limit we can infer 
the impactor radius and velocity from 
 
where (rimp,vimp) are the impactor radius and velocity, D the crater diameter, g the surface gravity, and (C1, P) empirically 
determined constants.  In the results presented here we consider coefficients fitted for two materials as reported in Schmidt 
& Housen [12]: "wet sand" and "dry sand".  The impactor velocity is unknown, so we consider values in the range ݒ א
ሾ͵ǡʹͲሿ km/sec, and scale the matching radius of the impactor from Eq. (1). 
One of our first goals is to determine the necessary resolution for this problem.  Since we're looking to determine the 
volume of the crater, we first test how the total damaged volume of material converges with resolution.  Toward this goal we 
simulate the impact varying the number of points along the long axis of Phobos in the range ݊ א ሾͷͲǡͶͲͲሿ in steps of 50 
(corresponding to a total number of points ranging from 37,500 to 20 million).  The fraction of Phobos fully damaged for 
each of these cases is presented in Fig. (2). Clearly the fraction of the volume damaged converges from above, i.e., under 
resolved calculations tend to overestimate the amount of damaged material.  At the lowest resolution Phobos is 100% 
damaged, but for calculations with ݊ ൐ ͵ͲͲ the damaged fraction converges to 7%.  We have found this pattern is typical 
for the damage model presented here: under resolved calculations over-estimate the effect of the damage. 
  (1) 
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Figure 2: The fraction of Phobos damaged as a function of resolution 
Having established a baseline resolution requirement for our simulations, we proceed to examine the formation of the 
crater.  Here there are a few sources of uncertainty. The first of these is the observational determination of the volume of 
Stickney (based on measurements from images returned from orbiters such as Mariner 9 and Viking 1), which ranges from  
9 km diameter/9.75x1013 kg displaced mass [13] to 11.3 km diameter/2x1014 kg displaced mass [1].   Another problem is the 
required timescales for modeling.  Material moving faster than Phobos' escape velocity  (~11.5 m/sec) will certainly 
evacuate the crater, but likely material moving more slowly than this (say a few m/sec) can also evacuate the crater volume 
and redistribute around Phobos' surface.  Material moving at 2 m/sec requires a few hours to traverse a structure the size of 
Stickney, but we can only afford to simulate the evolution of this problem for a few tens of seconds of real time.  We 
therefore model the problem until a uniform outward velocity is established in the crater volume, and estimate the final 
volume based on the amount of fully damaged material moving outward above some threshold velocity.  The left panel of 
Fig. (3) shows one example of how these comparisons can be made.   The fully damaged region extends into Phobos beyond 
the immediate crater volume, and various estimates of the amount of material that will evacuate the crater are shown.  We 
generally assume any material moving outward from the crater at greater than 2 m/sec will evacuate the crater volume.  The 
right panel of Fig. (3) shows another realization of the Stickney event 60 seconds after impact (with one quadrant removed 
for visualization of the interior).  At this later time we can clearly see that fractures have propagated throughout Phobos and 
emerged at the surface: therefore we find even if Phobos began as a monolithic structure events such as the formation of 
Stickney fracture the body.  The colored material is fully damaged and moving faster than 2 m/sec, and so should 
redistribute outside the crater region; the red material is moving faster than 11.5 m/sec and will escape Phobos entirely. 
Fig. (4) summarizes the results of 16 simulations of the formation of Stickney.  We characterize the impactor here by it's 
initial velocity (the x-axis).  The lower set of curves (crosses and triangles) are 8 calculations where the impactor radius was 
chosen to match the measured diameter of Stickney via Eq. (1) assuming the material of Stickney resembles the "wet sand" 
experiments of [12]; the upper set (diamonds and squares) bases the impactor radius on the "dry sand" material properties.  
In each case there are two curves comparing the simulated Stickney displaced mass to either the Asphaug & Melosh 
determination [1] or the Thomas value [13].  We can draw several conclusions based on the evidence of Fig (4).  First, if the 
simulations are obeying the expected scaling relations for crater size based on the arguments of Schmidt & Housen [12] the 
families of curves should be flat with increasing impactor velocity.  This is simply because we choose the impactor radius 
for each incident velocity in order to reproduce the fixed crater size based on the expected scaling.  For the most part this 
appears to be the case, though there may be some tendency for the crater size to fall below the crater scaling expectation for 
increasing impactor velocity.  Second, we can clearly see that the volume of Stickney is successfully reproduced in our 
calculations for the "dry sand" values, as the simulated crater falls neatly between the estimates of the observed crater 
volumes across the span of impactor velocities.  Overall this indicates a successful model of the formation of Stickney.  We 
are able to reproduce the observed mega-crater without disrupting the body for reasonable choices of Phobos' material 
parameters.  However, it is worth emphasizing again that although we predict Phobos survives an event such as this it 
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Figure 3: Left panel: a cutaway view of the Stickney region 10 seconds after impact.  The various letter labels in the left panel indicate different subsets of 
material meeting various damage & velocity criteria.  Note that these are nested subsets: A includes all of B--F, B includes all of C--F, etc.  (A) The 
completely damaged region of Phobos.  (B) The mass moving in excess of 1.5 cm/s.  (C) The size of Stickney estimated by Asphaug and Melosh [1] 
(2x1014 kg), which corresponds here to the mass moving in excess of 1.4 m/s.  (D) The mass in excess of 2 m/s, or a nominal estimation of the amount of 
material that will escape the Stickney crater.  (E) The size of Stickney estimated by Thomas [13] (9.75x1013), which corresponds here to the mass moving 
in excess of 2.9 m/s.  (F) The mass moving in excess of 11.5 m/s, the escape velocity of Phobos.  Right panel: a similar calculation 60 seconds after impact.  
In this image the grey scale shows damage (black is fully damaged), while material that is colored is both damaged and moving faster than 2 m/sec (blue) 
to greater than 11.5 m/sec (red). 
 
Figure 4:  The fraction of Stickney's displaced mass produced for a range of impactor velocity/radius combinations.  The x-axis shows the velocity of the 
impactor used.  The upper two curves (squares and diamonds) uses the "Dry Sand" constants from Schmidt & Housen [12] to pick the matching impactor 
radius, while the lower two curves use "Wet Sand" parameters.  In each case there are two curves based on comparing to either the Asphaug & Melosh [1] 
mass of Stickney or the Thomas value [13]. 
4. Modeling diversion techniques on Bennu 
The near Earth object Bennu presents an interesting scenario to consider asteroid diversion 
techniques.  Bennu is a roughly 500m diameter carbonaceous chondritic asteroid, and is considered a 
potentially hazardous object.  There is an upcoming mission planned to study Bennu (OSIRIS-REx) 
and return samples, as well as a potential mission to measure the effect of a kinetic impactor (ISIS).  In 
this section we demonstrate modeling predictions for two scenarios: impacting Bennu with a kinetic 
impactor and nuclear deflection.  To simplify matters we use a granite-like Tillotson equation of state 
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this notional investigation) with initial porosity of I=25%; Tab. (2) summarizes the relevant material 
parameters. 
 
Table 2:  Material parameters for the Bennu diversion scenario models. Usolid  is the solid reference density, (a--ߝ) are Tillotson parameters, P the shear 
modulus, Y0 the yield strength, and (k,m) the Weibull parameters for the damage model. 
Usolid  (kg/m3) a b A (Pa) B (Pa) D E ߝ଴ (J/kg) ߝ (J/kg) ߝ (J/kg) P(Pa) Y (Pa) k (m-3) m 
2680 0.5 1.3 1.8x1010  1.8x1010 5 5 1.6x107 3.5x106 1.8x107 2.5x1010 3.5x109 1x1033 6.2 
 
4.1. Kinetic impactor on Bennu 
We first consider the case of a 10 ton iron slug impacting Bennu at 15 km/sec.  These parameters are 
somewhat generous for the intercept velocity at Bennu as it is on an Earth-like orbit, but not beyond 
reason.  We perform simulations of  this scenario at 3 spatial resolutions: ݄ א ሾʹǡ Ͷǡ ͺሿ.  The 
highest resolution model (݄ ൌ ʹm) requires ~22x106 ASPH points to represent Bennu, at which point 
the impactor is only marginally resolved.  The left and center panels of Fig. (5) show the trace of the 
damage and logarithm of the velocity in our intermediate resolution calculation (݄ ൌ Ͷm) one second 
after impact.  In each of these panels we have removed a quadrant of Bennu to see the interior 
evolution, and removed all material moving faster than 0.25 m/sec (the surface escape velocity).  We 
see fractured material extending roughly one hundred meters into Bennu in this monolithic model: 
higher porosities and/or a more fractured rubble-like composition would reduce the extent of the 
damage. The center panel shows the velocity magnitude at this same time: the red material is moving at 
0.25 m/sec, fast enough to escape Bennu and thereby enhance the final deflection.  This enhancement 
of the deflection by escaping material is commonly expressed as a multiplication factor ߚ ؠ ͳ ൅
݌Ȁ݌ , where ߚ  represents the amplification of the deflection momentum over the initial 
momentum of the impactor (݌୧୫୮) due to the momentum carried away by the ejecta (݌ୣ୨ୣୡ୲ୟ). We see a 
strong dependence of ߚ on resolution, with ߚ falling dramatically as resolution is improved.  This is 
due to a combination of effects: as we noted in the Phobos calculations in Fig (2) the amount of 
damaged material decreases with resolution until it converges, and damaged material is much easier to 
loft from the asteroid.  We also find that resolving the impactor is important: too coarse a resolution of 
the impactor allows it to penetrate too effectively and enhance the crater evolution.  Since even the 
Figure 5: Left panel: the trace of the damage tensor in the 4m resolution simulation of Bennu one second following the impact of a 10 ton kinetic 
impactor.  One quadrant of Bennu is removed to allow visualizing the interior damage, and all material moving faster than 0.25 m/sec has been 
removed for clarity.  The center panel shows the logarithm of the velocity in the same calculation:  blue corresponds to material moving 0.01 m/sec 
or slower, while red indicates material moving at 0.25 m/sec.  The right panel shows the time evolution of the ߚ parameter (see discussion below) 
for three different models of this scenario at progressively higher resolution. 
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highest resolution calculation presented here only marginally resolves the impactor, ߚ is still falling.  
Applying Richardson extrapolation to the measured ߚ and assuming second-order convergence (a trend 
we see in Fig (5) and also note in high resolution impact calculations presented in [11]) we predict a 
final ߚ ൌ ʹǤͺ േ ͲǤ͹, corresponding to a diversion velocity of ͲǤͲͲ͵ͳ േ ͲǤͲͲͲͺ m/sec. 
 
4.2. Nuclear deflection of Bennu 
In our final example we examine deflecting our Bennu-like object with energy deposition from a 
stand-off nuclear explosion.  In this case the incident energy flux heats a relatively thin layer of the 
surface of the asteroid beyond the vapor point, causing this material to ablate off of the surface and 
produce the thrust that deflects the object.  How much deflection is achieved is a function of how much 
material is blown off and at what velocity, i.e., the momentum of the blow-off.  Ideally we want to heat 
as much material as possible to escape velocity in order to maximize the momentum transfer to the bulk 
object.  The immediate blow-off is a lower-bound on the total deflection, as this process also sets up a 
shock moving into the bulk of the asteroid which can cause further material to be ejected and add to the 
momentum push.  It is also possible this shock and the resulting deflection may be strong enough to 
disrupt the object, a complicated prediction to make.  In this section we examine just the immediate 
vaporized blow-off to determine the initial deflection.  A major computational challenge is that much of 
the energy deposited by a nuclear device is in the form of X-rays which only penetrate the surface to 
depths of microns [7].  In order to do a credible job of modeling the deposition, blow-off, and set up of 
the shock, it is necessary to resolve the full 3D surface of the asteroid (assuming we illuminate 20% of 
the surface this is of order 1.5x105 m2) with radial resolutions of microns at this surface.  In order to 
accomplish this use we use ASPH's adaptivity in the shape of the sampling to resolve much more finely 
in depth than across the surface.  In the calculations presented here we use points that have a 0.5m 
resolution across the surface but start with 50Pm resolution in depth at the surface, ratioing up from this 
fine resolution to coarser values as we go to a depth of 10m.  This implies aspect ratios for the surface 
ASPH points of 105, a rather extreme case.   
We start with the faceted surface model of Bennu which we refine in order to create smaller, 
smoother facets.  This is necessary because our calculation resolves the coarse facets of the raw shape 
model very finely, which results in artificial triangular shocks spreading out across the surface due to 
the different energy depositions on each facet creating different initial energies in the surface ASPH 
points.  We assume a source 350m from the center of Bennu above the equator: this puts the source 
roughly 100m above the surface -- see the left panel of Fig (6).  We determine which facets are 
illuminated (have a direct line of sight), and extrude our ASPH points inward from these facets and 
their neighbors.  For each illuminated facet we determine the incident energy flux based on its distance 
  
Figure 6: Left panel: velocity of blow-off material from Bennu 400Ps after energy deposition from a nuclear source.  The colors in the left panel show the 
logarithmic velocity of the surface ablation: the wireframe of Bennu is shown to assist in visualization (it plays no part in the calculation).  Similarly the 
small sphere to the left of the shape denotes the location of the source and is not part of the calculation.  The center panel shows a profile of the ASPH 
point velocity (in km/sec) away from the original faceted surface of Bennu in the facet closest to the source.  The zero point on the x-axis is at the original 
surface position.  The right panel shows the time history of the deflection velocity. 
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from the source, and seed this energy into the ASPH points beneath the facet with an exponential fall-
off based on an e-folding length of  50Pm.  In the case presented here we simply assume a 1Mt source 
of energy, neglecting any losses due to reflection or reradiation.  In reality such effects would reduce 
the energy deposition, and so effectively we have a larger source by whatever loss factor is appropriate.  
The total deposited energy on the surface is 142kT, so roughly 14% of the total energy is intercepted 
due to geometry.  In total the calculation shown here uses 20x106 ASPH points to resolve this 10m skin 
of Bennu in the illuminated region.  
The center panel of Fig. (6) shows the velocity profile of the surface material 400Ps after energy 
deposition.  This is about as far as this calculation can go as the sub-surface shock is approaching the 
depth of our simulated material.  In order to proceed further we need to map to a coarser calculation 
with more of the object represented.  Our fine surface resolution has captured the blow-off of the 
ablated material, which is coming off at tens of km/sec.  The left panel of Fig. (6) shows the history of 
the deflected velocity, which is quite robust.  At the rate Bennu is being pushed in this scenario 
(οݒ̱0.6 m/sec) it will likely undergo significant fragmentation, so follow-up calculations to determine 
it's ultimate fate will be quite interesting.  Just as in the kinetic impactor scenario of the previous 
section these results will be strongly influenced by the assumptions of the composition and makeup of 
Bennu: for instance, a more porous structure (which seems likely given current best estimates of 
Bennu's density of 1260 kg/m3) would expend more energy crushing the material at the surface and 
thereby reduce the estimated deflection achieved. 
 
5. Conclusions 
The problem of predicting asteroid response to impulsive deflection approaches such as kinetic 
impactors and nuclear energy deposition is complicated both by the poorly characterized/varying 
composition of the objects themselves as well as the challenge of reliably computing failure and 
fracture in general.  Employing advances we have implemented in our ASPH modeling methodology, 
we are able to demonstrate successful prediction of features common to asteroidal bodies such as mega-
cratering.  This gives us some confidence in applying this approach to predict the outcome of asteroid 
deflection missions.  Of particular interest are kinetic impactors and deflection via ablation from 
nuclear energy deposition, as these are currently the most practical of our options for deflecting 
hazardous objects.  In this paper we have looked briefly at scenarios for deflecting a Bennu-like 
asteroid using both of these techniques.  In the kinetic impactor example we measured a deflection 
velocity of οݒ ൌ ͲǤͲͲ͵ m/sec, while in the nuclear scenario we see a prompt deflection of οݒ ൌ ͲǤ͸ 
m/sec. Each of these scenarios should be revisited using higher porosities and more complex internal 
structure to compare the effects of such changes.  It will also be quite interesting to take the final state 
of the nuclear deflection case and map it to a model of the full Bennu in order to follow the long-term 
fate of the object.  The imparted initial deflection is greater than the estimated escape velocity 
(approximately 0.25 m/sec), so we can expect there will be significant fracturing and possibly 
disruption of the asteroid.  The ultimate deflection velocity will depend on the evolution of the ejecta in 
such a scenario. 
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